The oxygen solubility in the zirconium-containing iron-nickel melts has been experimentally studied at 1 873 K using the Fe-40% Ni alloy as an example. It was shown that zirconium considerably decreases the oxygen solubility in this melt. The equilibrium constant of interaction of zirconium and oxygen dissolved in the Fe-40% Ni melt (logK(1)(Fe-40%Ni) = -6.221), the Gibbs energy of this reaction ( = 223 078 J/mol), and the interaction parameters characterizing these solutions ( = -7.16; = -1.25; = 2.16) were determined. The equilibrium constants of interaction of zirconium and oxygen dissolved in the Fe-20% Ni and Fe-30% Ni melts, the Gibbs energy of this reaction, and the interaction parameters characterizing these solutions were calculated for 1 873 K. With an increase in the nickel content in melt the deoxidation ability of zirconium decreases. This is due to the fact that, when the nickel content in melt increases, the bond strengths of zirconium with the melt base ( = 4.59·10 -4 ; = 1.40·10 -10 ) rise to a considerably greater degree than the bond strengths of oxygen weaken ( = 0.0105; = 0.357).
Introduction
The Fe-Ni alloys are widely used in modern technologies. The presence of oxygen in these alloys worsens their serviceability. Physicochemical properties of oxygen solutions in melts of iron and nickel are studied in detail. Thermodynamic parameters characterizing these solutions are given in publications. 1, 2) However, since the additivity of properties of oxygen solutions in the Fe-Ni melts with respect to pure iron and nickel is not observed, their thermodynamic parameters in these melts should be studied. This allows one to optimize the production of these alloys. Upon production of iron-nickel melts, zirconium is used as a modifying agent. This element has the higher affinity to oxygen in comparison with iron and nickel. If zirconium is added into nondeoxidized melt, its considerable portion can be oxidized and lost. For this reason, the study of thermodynamics of oxygen solutions in the zirconium-containing iron-nickel melts is of both scientific and commercial importance.
The oxygen solubility in these melts was not studied earlier. Our investigations of thermodynamics of oxygen solutions in the iron-nickel melts containing chromium, vanadium, silicon, carbon, titanium, and aluminum showed the oxygen solubility in these alloys to be able differ appreciably from its solubility in pure iron and nickel due to a change in the bond strengths of element-deoxidizer and oxygen with the melt base. 3) 
Thermodynamic Consideration
The interaction of zirconium with oxygen can be described as where f i denotes the activity coefficient when the concentration is expressed as mass percents.
The thermodynamics of oxygen solutions in the zirconium-containing iron melt is studied by many authors. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, the results obtained are not always in satisfactory agreement with one another. This is exemplified 1) by the temperature dependence of the equilibrium constant of reaction (1) ( Fig. 1) . Based on a detailed analysis of these studies, the results of paper 7) are recommended as most reliable data. In that investigation, the following parameters characterizing reaction (1) and zirconium solutions in pure iron were obtained: logK (1)(Fe) = -57 000/T + 21.8, , J/mol, The authors 7) determined the dependence of oxygen solubility in liquid iron on the zirconium content only for four very low zirconium concentrations in a range of 7·10 -5 ÷ 2·10 -3 % Zr (Fig. 2) , which hampers the extrapolation of these data to the wider concentration range. Recently, the .; . dependence of oxygen solubility in liquid iron on the zirconium content was studied again. 17) In this case, the zirconium concentration range studied is appreciably wider (2·10 -3 ÷ 0.65% Zr) ( Fig. 2 ). This figure shows that the results of papers 7, 17) are complementary. Figure 2 also demonstrates the data 15, 16) given in the reference book, 1) which are close to the recommended values but the zirconium deoxidation abilities determined in these studies are somewhat lower than those in papers. 7, 17) The oxygen concentration in equilibrium with a given zirconium content can be calculated according to the equa- where denotes the first-order interaction parameter if the concentration is expressed as mass percents. Since ZrO2 oxide is solid at 1 873 K (Tm = 2 953 K), aZrO 2 Since, as was shown above, the results 7, 17) are mutually well-complementary, it is reasonable to process these experimental data together using Eq. (3). This allows one to determine the thermodynamic parameters of the Fe-Zr-O system for the wider range of zirconium concentrations. The data were processed by the method of regression analysis using a Quattro Pro program. The following coefficients were obtained for members of the equation (coefficient of determination R 2 = 0.72):
... (4) In Fig Taking into account the values of coefficients in Eq. (4), the fact that = -0.17 1) and , we obtain = -20.21; = -3.54; = 2.25; logK(1)(Fe) = -8.359; K(1)(Fe) = 4.379·10 -9 ; whence it follows that = 299 726 J/mol. Figure 2 also shows the dependence of the oxygen solubility on the aluminum content in iron melts according to data 1) (curve 2). As is shown, up to about 0.006% zirconium is characterized by the higher deoxidation ability in comparison with aluminum; at the higher zirconium content, aluminum is the more strong deoxidizer.
Experimental
The deoxidation of iron-nickel melts with zirconium was experimentally studied by the example of the Fe-40% Ni alloy. These experiments have been carried out in an induction furnace fed by a 10 kV·A high-frequency (400 kHz) generator. The scheme of experimental apparatus is shown in Fig. 3 .
As initial materials, carbonyl iron (99.95%), electrolytic nickel (99.95%), and iodide zirconium (99.99%) were used. Total charge was 100 g. This charge containing iron and nickel in the ratio corresponding to the Fe-40% Ni alloy was placed into a ZrO2 crucible, which, in turn, was located in an external protective Al2O3 crucible. The charge was melted under Ar-Н2 atmosphere. Hydrogen and argon were preliminarily purified from oxygen impurities, water vapor, sulphides, organic compounds, and mechanical and other impurities. We used high-pure argon (99.992%), where the volume percent of oxygen was ≤ 0.0007% according to the Russian Standard GOST 10157-79. When was passed through a gas purification system of experimental unit, the volume fraction of oxygen in argon was less than 10 -5 %. Argon and hydrogen consumptions were 150 and 50 ml/min, respectively. When metal was completely melted, the supply of hydrogen was stopped and the melt was held under argon atmosphere (150 ml/min, 1 873 K). Zirconium was introduced into the melt without breaking the furnace air-tightness; then this melt was held at the given temperature under Ar atmosphere until the equilibrium was stated. The temperature was measured by the Pt-6%Rh/Pt-30%Rh thermocouple.
As was shown in previous experiments, where samples were taken every five minutes and the zirconium and oxygen concentrations were determined, the equilibrium is stated in this system for 18-20 min after the addition of zirconium. 19) To be sure that the equilibrium is stated this time was increased to about 30 min. When the equilibrium was achieved the melt was sampled to be analyzed. The oxygen concentration in melt was determined with an accuracy of ±5·10 -5 % using a Leco TC-600 Gas Analyzer. Zirconium and nickel were analyzed with an accuracy of ±0.001% using an Ultima 2 Horiba Jobin Yvon ICP optical emission spectrometer.
Results and Discussion
The experimental results are shown in the Table 1 and in Fig. 2 . Comparison of the experimental results with published data on the deoxidation ability of zirconium in iron melt (Fig. 2) shows that the deoxidation ability of zirconium in the Fe-40% Ni melt is somewhat lower as compared with pure iron.
The experimental data were processed by the method of regression analysis using a Quattro Pro program according to Eq. = -0.104, 3) for the Fe-40% Ni alloy at 1 873 K we obtained = -7.16; = -1.25; = 2,16, logK (1)(Fe-40%Ni) = -6.221; K (1)(Fe-40%Ni) = 6.011·10 -7 ;
= 223 078 J/mol. The K (1)(Fe-40%Ni) values were calculated for each experiment using the obtained interaction parameters (see the Table 1 ). Figure 4 shows the obtained dependence of the oxygen solubility in the Fe-40% Ni melt at 1 873 K on the zirconium content in comparison with similar data on the oxygen solubility in this melt depending on the concentrations of chromium, 20) manganese, 21) vanadium, 22) silicon, 21) carbon, 23) titanium, 24) and aluminum. 25) As is seen, the strongest deoxidation ability is characteristic of aluminum, it is lower but sufficiently high for zirconium. In the order of decreasing of this value other elements can be arranged as titanium, carbon, silicon, manganese, vanadium, chromium. The horizontal line in Fig. 4 shows the oxygen solubility in the Fe-40% Ni melt. 26) 
Fe-20% Ni and Fe-30% Ni Melts
Using the parameters obtained for the melts of iron and Fe-40% Ni, one can calculate the equilibrium oxygen contents depending on the zirconium concentrations in the Fe-20% Ni and Fe-30% Ni melts. Reaction (1) can be imagined as a sum of reactions .......... (6) ............... (7) .............. (8) where denotes to the activity coefficient of an i element at infinite dilution; Mi denotes to the molecular mass. As a reference state for zirconium and oxygen dissolved in ironnickel melt, 1% solution was chosen, since it has the properties of ideal dilute solution. The molecular mass of Fe-Ni melts (MFe-Ni) can be calculated according to the equation
The Gibbs energy for reaction (1) can be calculated as , whence it follows that . The values for iron and Fe-40% Ni melts are given in Table 2 , which allows one to calculate and using the equation ; whence it follows = 4.59·10 -4 и = 7.13·10 -7 at 1 873 K. As for iron and nickel, the published data 27) on the activity coefficients at infinite dilution for oxygen were used, i.e. = 0,0105 and = 0,357. The and activity coefficients ( Table 2) were calculated by formula 28) . Using and values, ln was calculated for 1 873 K ( = 1.40·10 -10 ). The following interaction parameters were used for this calculation: = -9,88; 29) = 0,270; 27) = -5,179. 27) Since no published parameter was found, it was assumed equal to -0,1 similar to aluminum ( = -9,143; = -0,147). 25) The ,
, and values calculated be Eq. (9) are given in Table 2 .
The Fe-Ni melts are characterized by slight deviations from ideality. 30) The interaction parameter for alloys with different compositions can be estimated by the following equation: 21) ................ (10) With the knowledge of the interaction parameters for iron and и Fe-40% Ni melts, one can calculate those both for pure nickel and for Fe-20% Ni and Fe-30% Ni melts ( Table  2) .
The equilibrium oxygen concentrations in the Fe-20% Ni and Fe-30% Ni melts at different zirconium contents were calculated according to Eq. (2a). The oxygen concentrations depending on the zirconium contents in these melts are given below: The dependences of the equilibrium oxygen concentration on the zirconium and nickel contents in melt at 1 873 K, which were calculated by Eqs. (11) and (12) , are shown in Fig. 5 . The deoxidation ability of zirconium in the Fe-20% Ni and Fe-30% Ni melts is lower in comparison with iron but it is higher than in the Fe-40% Ni melt. 
, , , ΔG (6) ΔG (7) ΔG (8) With an increase in the nickel content in melt, the deoxidation ability of zirconium decreases. This is due to the fact that, as the nickel content increases, the bond strength of zirconium with the alloy base rises to a considerably more degree ( = 4.59·10 -4 ; = 1.40·10 -10 ) in comparison with a weakening of the bond strength of oxygen ( = 0.0105; = 0.357). Similar phenomenon is also observed for the Fe-Ni-Ti-O 24) and Fe-Ni-Al-O systems. 25) The curves of oxygen solubility in the melts pass through a minimum. To determine the zirconium concentrations corresponding to the minimum oxygen contents ([%O]min), the equation 31) ............... (13) was used, where x and y are the indexes in the formula of RxOy oxide. In the given case, this equation for ZrO2 oxide takes form ...............(13a)
The zirconium concentrations calculated by Eq. (13a) and the oxygen contents corresponding to these concentrations are given below:
Conclusions
(1) The solubility of oxygen in the zirconium-containing iron-nickel alloys was experimentally studied at 1 873 K as exemplified by the Fe-40% Ni alloy. It was shown that zirconium considerably decreases the oxygen solubility in this melt. The equilibrium constant of interaction of zirconium with oxygen dissolved in the Fe-40% Ni melt (logK(1)(Fe-40%Ni) = -6.221), the Gibbs energy of this reaction ( = 223 078 J/mol), and the interaction param-eters characterizing these solutions ( = -7.16; = -1.25; = 2.16) were determined. (2) The equilibrium constants of interaction of zirconium and oxygen dissolved in the Fe-20% Ni and Fe-30% Ni melts (logK(1)(Fe-20%Ni) = -7.402; logK(1)(Fe-30%Ni) = -6.820), the Gibbs energy of this reaction ( = 265 118 J/mol; = 244 291 J/mol), and the interaction parameters ( = -13.81; = -2.42; = 2.21; = -10.52; = -1.84; = 2.18) characterizing these solutions were calculated for 1 873 K.
(3) As the nickel content in melt increases, the deoxidation ability of zirconium decreases. This is due to the fact that, when the nickel content in melt increases, the bond strengths of zirconium with the melt base ( = 4.59·10 -4 ; = 1.40·10 -10 ) rise to a considerably greater degree than the bond strengths of oxygen weaken ( = 0.0105; = 0.357). 
